Canavalia ensiformis (jackbean) seeds contain the proteins urease and canatoxin, a variant form of the jackbean urease. Here we have cloned a cDNA encoding another isoform of urease, called JBURE-II. This cDNA was obtained by RT-PCR using as template total RNA extracted from C. ensiformis tissues. Nucleotide sequence analysis showed that JBURE-II clones share 86% similarity with known jackbean urease. The presence in C. ensiformis of a family of urease-related genes with at least three members was demonstrated by Southern blot analysis. In order to understand the pattern of expression of the JBURE-II gene, we collected tissue samples from different stages of flower and embryo development. The results of RT-PCR show that JBURE-II is expressed from flower buds throughout seed maturation. Semi-quantitative RT-PCR indicates that expression of urease and JBURE-II genes is induced in seedlings and in leaves treated with abscisic acid, a phytohormone involved in seed maturation and wound response. This work constitutes the first report on the presence of a family of urease genes in jackbean, and provides characterization of a cDNA encoding a new member of this gene family.
Introduction
The seeds of many members of the Leguminosae are rich sources of urease, lectins and toxic proteins. Jackbean (Canavalia ensiformis) seeds contain urease (EC 3.5.1.5), the first protein ever crystallized (Sumner 1926) , and concanavalin A, a glucose-mannose-specific lectin (Sumner and Howell 1936) . Takashima et al. (1988) determined the primary structure of the 840-amino acid subunit of the jackbean urease and Riddles et al. (1991) reported the nucleotide sequence of its cDNA. In 1981, Carlini and Guimarães isolated canatoxin (CNTX), a potent neurotoxic protein (a dimer of 95 kDa subunits) that is lethal to rats and mice when injected intraperitoneally (LD 50 2.0 mg per kg body weight) (Carlini and Guimarães 1981) . CNTX also displays insecticidal activity when fed to some insects, being cleaved by their digestive cathepsins to give entomotoxic peptide(s) (Carlini et al. 1997 .
The primary role of ureases is to allow the organisms to use external or internally generated urea as a nitrogen source Hausinger 1989, Mobley et al. 1995) . In leguminous plants, the widespread presence of urease and CNTXrelated proteins (Carlini et al. 1988 ) as well as their accumulation pattern during seed maturation (Sehgal and Naylor 1966 , Polacco and Sparks 1982 , Barcellos et al. 1993 ) can be taken to indicate an important physiological role for these proteins, possibly related to plant defense (Polacco and Holland 1993) .
The maturation phase of seed formation includes the accumulation of storage products, the suppression of precocious germination, the acquisition of desiccation tolerance, water loss, and often, the induction of dormancy (Harada 1997) . The endogenous content of abscisic acid (ABA) increases during the last two-thirds of seed development, returning to low levels in the dry seed (Rock and Quatrano 1995) . ABA is thus thought to regulate several essential processes in the developmental stages that follow the formation of the embryo, such as induction of seed dormancy, tolerance to desiccation, and accumulation of reserves in the seed (Leung and Giraudat 1998) .
Recently, CNTX was shown to be a variant form of urease with lower ureolytic activity and distinct physicochemical and biological properties (Follmer et al. 2001) . Taking these observations into consideration, in this study we have cloned a new cDNA by RT-PCR based on the similarity of these proteins. This cDNA was used to study the pattern of mRNA expression and the effect of ABA during development of 5 In memorium. 6 Corresponding author: E-mail, ccarlini@ufrgs.br; Fax, (55) (51) 3316-7003.
C. ensiformis seeds and seedlings. Our data also demonstrate for the first time the presence of a family of urease-related genes in jackbean.
Results

Accumulation of urease mRNA in seedlings and genomic hybridization
The accumulation of putative urease transcripts was analyzed by RT-PCR using primers based on the sequence of urease cDNA (Riddles et al. 1991) and total RNA isolated from 8-day-old jackbean seedlings treated with 100 mM ABA. Primers (URE-3 and URE-4; see Materials and Methods) were designed according to conserved regions of the deduced aminoacid sequence of urease and partial internal amino-acid sequences of the urease isoform, CNTX (Follmer et al. 2001) . As illustrated in Fig. 1 , DNA fragments of approximately 900 and 1,800 bp were amplified from RNA isolated from seedlings treated with ABA. Accumulation of actin transcripts was analyzed in parallel as a positive control for RNA quality.
Genomic hybridization analysis was carried out to confirm the RT-PCR result, using the 1,800 bp product as a probe (Fig. 2) . DNA digested with HindIII and PstI showed three bands with medium to high intensities, suggesting that the urease gene family in C. ensiformis has at least three members. Genomic DNA digested with EcoRI produced four DNA fragments identified by the probe.
Cloning of JBURE-II by RT-PCR
Following amplification, the two RT-PCR products derived from ABA-treated seedlings were purified, ligated into pGEM-T Easy Vector (Promega) and sequenced. Nucleotide sequence analysis indicated that the 900 bp product corresponded to the previously known urease gene (accession no. M65260; Riddles et al. 1991) . However, the 1,800 bp product exhibited 86% similarity with the urease cDNA, and was designated JBURE-II. The sequencing data indicated that primer URE-3 annealed in to another internal site of the urease mRNA, resulting in the 900 bp fragment and not the expected 1,800 bp fragment. Based on the 1,800 bp fragment (JBURE-II) we designed primers (indicated in Fig. 3A ) for 5¢ RACE (URE-9 and URE-14) and 3¢ RACE (URE-7). The complete cDNA sequence of JBURE-II was obtained by overlapping 3¢ and 5¢ RACE products. These products were purified, ligated into pGEM-T Easy Vector and sequenced. The complete cDNA sequence (2,618 bp) is shown in Fig. 3A . The putative amino-acid sequence encoded by JBURE-II was deduced by comparison with the primary sequence of urease (Takashima et al. 1988 , Riddles et al. 1991 . The putative protein encoded by JBURE-II contains 725 amino acids and has a molecular mass of 78 kDa and a predicted isoelectric point at pH 5.36. Fig. 3B illustrates the similarity of 77% observed between the aminoacid sequences of this protein and urease.
Accumulation of the JBURE-II Transcripts in Seeds and Leaves Treated with ABA
The presence of JBURE-II transcripts during seed development was analyzed by RT-PCR on total RNA isolated from flower buds, flowers and seeds collected at different days-postanthesis (DPA). JBURE-II transcripts with the expected size of 1,800 bp were detected even in the flower buds, and were present in flowers and seeds collected at 7 DPA ( Fig. 4A ) as well as in seeds at 70 DPA (data not shown). Accumulation of actin transcripts was used as an RNA control (Fig. 4B ). Both JBURE-II and urease transcripts were detected in all tissues analyzed and had the same band pattern (900 bp and 1,800 bp) as that observed in the ABA-treated seedlings.
In order to understand the accumulation pattern of JBURE-II transcripts we performed a semi-quantitative RT-PCR on RNA extracted from leaves treated with 100 mM ABA. Fig. 5A shows that ABA treatment induced urease and JBURE-II mRNAs, as revealed by amplification with URE primers (URE-3 and URE-4). Specific primers for JBURE-II (JBURE-1 and JBURE-2) were used specifically to address the accumulation of JBURE-II transcripts. The amount of amplification products (based on the peak intensity of the bands) was linearly proportional to the number of cycles up to cycle 25, based on densitometry using QuantiScan Version 1.25 software. The amplification reached saturation in cycle 27. With actin primers, the same pattern of cDNA amplification was seen for controls and for ABA-treated samples (Fig. 5B) . We considered the ABA-treated samples to be significantly different from controls as far as relative amounts of transcripts calculated in cycle 23: with ABA, the amounts were at least 1.5-fold greater with JBURE primers and 17-fold greater with URE primers. These results indicate that urease and JBURE-II transcript levels are increased by ABA induction.
Discussion
We reported here a partial cDNA sequence from JBURE-II, an urease-like gene present in C. ensiformis (jackbean). To our knowledge, this is the first evidence for a family of urease genes in the jackbean. We have also analyzed by RT-PCR the expression pattern for the JBURE-II and urease cDNA clones, after ABA treatment and during seed development.
In our experimental approach, we used information based on the cDNA of urease (Riddles et al. 1991 ) and the partial internal amino-acid sequences of the urease isoform, CNTX (Follmer et al. 2001 ) to design primers. CNTX and urease accumulate with a similar time course in maturating seeds (Sehgal and Naylor 1966, Barcellos et al. 1993 ) and both proteins are localized in the cytosol of storage parenchyma cells in the mature seed (unpublished results; Faye et al. 1986 ), prompting us to test whether ABA, a plant hormone involved in this process, was able to induce their expression. As expected, RT-PCR carried out on preparations from jackbean seedlings treated with ABA and amplified with these primers successfully resulted in two products (Fig. 1 ) that were cloned and sequenced. The sequence data revealed the smaller product to be a fragment of the urease cDNA (M65260). The 1,800 bp product was a partial cDNA of the JBURE-II gene that exhibited 86% similarity with that of urease. This sequence was submitted to GenBank under accession no. AF468788. The high degree of similarity between these cDNAs allows them to be classified as members of a urease gene family.
Accumulation of both transcripts was observed during development from flower buds up to mature seeds, confirming previous observations regarding the presence of urease activity in these tissues (Sehgal and Naylor 1966) . The same pattern of mRNA expression, as analyzed by reverse transcriptase-PCR, was seen in tissues collected during seed development and in ABA-treated seedlings.
Semi-quantitative RT-PCR demonstrated an increase in relative amounts of transcripts with ABA treatment, with JBURE primers and URE primers. Although comparisons of mRNA levels by this technique could be misleading, as slight differences in band intensity against cycle number may have considerable effect on the amount of transcript estimated (Raeymaekers 1999 ), such differences were not seen for RT-PCR products of actin primers.
Genomic hybridization of C. ensiformis was also consistent with the existence of a family of urease-related genes. Thus, genomic DNA digestion with the restriction enzymes HindIII (urease cDNA and JBURE-II partial cDNA contain three internal recognition sites), EcoRI (urease cDNA contains a single internal recognition site and partial JBURE-II cDNA has none) and PstI (urease cDNA and partial JBURE-II cDNA both contain a single internal recognition site) indicated a gene family with at least three members. Accordingly, three urease isoenzymes can be isolated from the seeds and separated from Fig. 3 (A) Nucleotide sequence of the JBURE-II (GenBank accession no. AF468788). The deduced amino acid sequence is also shown. Boxes indicate URE-4 and URE-3 primers, respectively. A single underline indicates anti-sense primers for 5¢ RACE (URE-14 and URE-9, respectively); a double underline shows sense primer for 3¢ RACE (URE-7). Specific primers for JBURE-II (JBURE-1 and JBURE-2, respectively) are shaded. (B) Comparison between the deduced amino-acid sequence of JBURE-II and that of jackbean urease (EC 3.5.1.5). Amino-acid residues involved in the catalytic activity of urease are enclosed in boxes (Jabri et al. 1995) . each other by a two-step chromatographic procedure using immobilized metal affinity matrices (C. Follmer and C.R. Carlini, unpublished results). One of these isoforms is CNTX, a dimer of non-covalently linked 95-kDa polypeptide chains with an isoelectric point at pH 4.7 (Follmer et al. 2001) . However, the putative protein encoded by JBURE-II does not correspond to CNTX, as it would have a shorter polypeptide chain, a more basic isoelectric point and little similarity with the available partial sequence of CNTX (Follmer et al. 2001) . From the analysis of the deduced amino-acid sequence, the JBURE-IIencoded protein is expected to display ureolytic activity, since all of the residues implicated in nickel binding and catalytic properties are present (Jabri et al. 1995) . Thus, JBURE-II may encode a third urease isoenzyme, in agreement with the content of urease isoforms detectable in C. ensiformis seeds (Follmer et al. 2001; unpublished results) .
Two urease isoenzymes are known to exist in soybean plants, one of them a highly active, hexameric enzyme present only in the embryo, and the other an ubiquitous, trimeric isoenzyme of lower specific activity. No deleterious effect was seen in mutant plants that lacked the embryo-specific urease, implying that its high ureolytic activity is not relevant for its physiological role, which is not known (Polacco and Havir 1979 , Polacco and Winkler 1984 , Polacco and Holland 1993 . The complete primary sequences of these ureases have not yet been determined. Recently, the nucleotide sequence of a soybean urease isoenzyme was deposited in the GenBank (accession no. AJ276866).
In summary, in this report we have identified a second member of a family of urease-related genes in C. ensiformis and demonstrated that ABA induces the expression of some members of this gene family. The pattern of JBURE-II mRNA accumulation during seed development suggests increased levels at early stages of seed maturation. At present, we are investigating the precise number of members of the urease gene family. These data, together with the expression of JBURE-II as a transgene, will improve our understanding of the physiological role of JBURE-II and other related urease proteins in C. ensiformis.
Materials and Methods
Plant material
C. ensiformis plants were grown under greenhouse conditions. Flower buds, flowers and seeds were collected at different developmental stages (days post-anthesis; DPA). C. ensiformis seedlings were grown on vermiculite in a growth chamber under controlled conditions (24±2°C, 40% relative humidity, fluorescent illumination supplemented with Grolux ® lamp) on a 12-h light-dark cycle. ABA treatment ABA (Life Technologies) was dissolved in ethanol (100 mM stock solution) and subsequently diluted in Murashige and Skoog medium (MS) to 100 mM. At day 8, seedlings were removed from vermiculite and the roots were placed in 40 ml MS (control) or in MS containing 100 mM ABA. After 24 h in the dark, RNA was isolated. Alternatively, leaves from 15-day-old seedlings were cut at the petiole, which was then immersed in MS (control) or in MS containing 100 mM ABA for 18 h in the dark, before RNA isolation.
Plant nucleic acid isolation
Total RNA was isolated from tissue ground in the presence of liquid nitrogen, followed by phenol/chloroform extraction and precipitation with LiCl to a final concentration of 2 M (Bugos et al. 1995) . Genomic DNA was extracted from freeze-dried young leaves of C. ensiformis according to a modified CTAB procedure (Murray and Thompson 1980) .
RT-PCR analysis
Total RNA isolated from different tissues was used as a template in RT-PCR (Murphy and Taiz 1995) with primers based on the sequence of urease cDNA (Riddles et al. 1991) , URE-3 (5¢-CCATTT-GCTATGGCTGGATT-3¢) and URE-4 (5¢-AGTCACAGTTCATGATC-CGATT-3¢) or with primers for actin -ACT-REV (5¢-AGGAAGCTC-GTAGCTCTTCTC-3¢) and ACT-FOR (5¢-GATCTGGCATCACACCT TCTAC-3¢). The reverse transcription reaction was carried out with 0.34 mM of each dNTP, 50 mM Tris-HCl pH 8.3, 75 mM KCl, 3 mM MgCl 2 , 6.8 mM DTT, 1.36 mM URE-3 primer and 68 U of M-MLV reverse transcriptase (Life Technologies). After 1 h at 37°C, 5.0 ml of this reaction mixture was used as template for PCR in a MiniCycler Thermal Cycler (MJ Research). Amplification was performed in a volume of 50 ml containing the cDNA template, 200 mM of each dNTP, 0.4 mM of each primer, 50 mM KCl, 2 mM MgCl 2 , 20 mM Tris-HCl pH 8.4 and 2.5 U of Taq (DNA) polymerase (Life Technologies). The PCR program was 35 cycles at 94°C for 1 min, 55°C for 1 min and 72°C for 2 min, followed by incubation at 72°C for 5 min. Ten microliters of each PCR product was analyzed by electrophoresis on a 1% agarose gel stained with ethidium bromide (0.5 mg ml -1 ).
cDNA cloning
RT-PCR products from seedlings treated with ABA were gelpurified using a Gene-Clean kit (Bio 101) according to supplier's recommendations. These products were ligated directly into plasmid pGEM-T Easy Vector (Promega) according to the manufacturer's instructions. E. coli XL-1 Blue cells were transformed with the ligation products. After mini-preparation from recombinant colonies, plasmids were sequenced on an ABI 377 automated sequence analyzer (Applied Biosystems-Perkin Elmer) using the M13 Universal Sequence Primer or M13 Reverse Sequence Primers (Amersham Pharmacia Biotech).
Full-length cDNA was obtained by 3¢ and 5¢ RACE. For the 3¢ end, reverse transcription reaction was performed with an oligo(dT)-adapter primer (5¢-GCGGCCGCT(dT) 18 -3¢). The synthesized cDNAs were used as templates in 3¢ RACE. The PCR product was amplified using primer URE-7 (5¢-AAGTTCAAGGGTAAGAGAAC-3¢) and the adapter primer. Two anti-sense primers for 5¢ RACE were designed. First-strand cDNAs synthesized by reverse transcription reaction with URE-9 primer (5¢-ATCTCCATAGCTGCTTTTAC-3¢) were purified on a Glassmax column (Life Technologies); then homopolymeric dA tails were added to their 3¢ ends by terminal deoxynucleotidyl transferase.
The dA-tailed cDNAs were first amplified with primer URE-9 and oligo(dT)-adapter primer complementary to the dA tails. In order to obtain a higher yield of the specific cDNAs, 5 ml of the first PCR product was used as template for a second PCR amplification with the adjacent primer URE-14 (5¢-GATTGGCCTGTCTCCATGGTTGAC-3¢) and the oligo(dT)-adapter primer. The 3¢ RACE and 5¢ RACE products were cloned and sequenced.
Semi-quantitative RT-PCR
Reverse transcription was performed as indicated in the RT-PCR analysis. Primers used were URE (URE-3 and URE-4), ACTIN (ACT-F and ACT-R) and JBURE (JBURE-1 -5¢-AAGGTTAATTATTGTTA-AACATGCACC-3¢ and JBURE-2 -5¢-TCACACTTTGACTCAATAT-AAACAA-3¢). PCR samples were taken after each two cycles from cycle 17 on and separated on an agarose gel. The gel images were analyzed for peak intensity by QuantiScan Version 1.25 software. Band intensities were plotted against cycle number using the GraphPad Prism software. Regression analysis was performed for data in cycle 23 using peak intensities of actin bands as an external control.
Genomic hybridization
DNA samples (16 mg) were digested to completion with HindIII, EcoRI or PstI (Amersham Pharmacia Biotech) and separated by electrophoresis on a 0.7% agarose gel, denatured, soaked in 20´ SSC (0.3 M sodium citrate and 3 M NaCl) and blotted onto a nylon membrane (Hybond-N + ; Amersham Pharmacia Biotech) by capillary transfer for at least 16 h. DNA was covalently cross-linked to the membrane at high temperature. An insert of approximately 1,800 bp released from the pGEM-T (easy) (Promega) by EcoRI and containing the JBURE-II partial cDNA was used as a probe. Hybridization was performed at 60°C overnight according to supplier's recommendations (Gene Images, Amersham Pharmacia Biotech).
